ANTARES is currently the largest neutrino telescope operating in the Northern Hemisphere, aiming at the detection of high energy neutrinos from astrophysical sources. Such observations would provide important clues about the processes at work in those sources, and possibly contribute to discover the sources of high energy cosmic rays. Transient sources such as gamma-ray bursts (GRBs) and core-collapse supernovae (CCSNe) are promising candidates, and multi-messenger programs offer a unique opportunity to detect these transient sources. In this way, a method based on optical and X-ray follow-ups of high energy neutrino alerts has been developed within the ANTARES Collaboration. This program, denoted as TAToO (Telescopes-ANTARES Target-ofOpportunity), triggers a network of robotic optical telescopes (TAROT, Zadko, MASTER) and the Swift-XRT within a delay of few seconds after the neutrino detection. In this contribution, the analysis of optical and X-ray follow-up observations to search for GRBs and CCSNe is presented.
Introduction
High energy neutrinos could be produced in the interaction of charged cosmic rays with matter or radiation surrounding astrophysical sources. Even with the recent detection of extraterrestrial high energy neutrinos by the IceCube experiment [1] , no astrophysical neutrino source has yet been discovered. Such a detection would be a direct evidence of hadronic acceleration mechanisms and would therefore provide important information on the origin of very high energy cosmic rays.
High energy neutrinos are thought to be produced in several kinds of astrophysical sources, such as GRBs [2] , CCSNe [3] or active galactic nuclei (AGN) [4] , in which the acceleration of hadrons may occur. These sources also show a transient behavior covering a large range in the time domain, from seconds for GRBs to weeks for CCSNe or AGN. By combining the information provided by the ANTARES neutrino telescope [5] with information coming from other observatories, the probability of detecting a source is enhanced since the neutrino background is significantly reduced in the time window of the transient event.
Based on this idea, a multi-wavelength follow-up program, TAToO, operates within the ANTARES Collaboration since 2009 [6] . It relies on optical and X-ray follow-ups of selected high energy neutrino events very shortly after their detection. This online search is mostly motivated by models of neutrinos from long duration GRBs and CCSNe. Both are thought to produce a jet, which is highly relativistic in case of long GRBs, but only mildly relativistic in case of choked jet CCSNe. Follow-up observations have the potential to reveal the electromagnetic counterpart of these transient candidate neutrino sources.
Neutrino alerts
After the selection of up-going events, which largely removes the huge background of atmospheric muons, the ANTARES neutrino sample consists mainly of atmospheric neutrinos. To select the events which might trigger an alert, a fast and robust algorithm is used to reconstruct the data [7] . This algorithm uses an idealized detector geometry and is independent of the dynamical positioning calibration. This reconstruction and subsequent quality selections allow the rate of events to be reduced from few Hz down to few mHz. The remaining events are then passed to a more precise reconstruction tool which allows the up-going direction of the event to be confirmed and the angular resolution to be improved.
To select neutrino candidates with an increased probability to be of cosmic origin, three online neutrino trigger criteria are currently implemented in the TAToO alert system:
• High energy trigger: the detection of a single high energy neutrino.
• Directional: the detection of a single neutrino for which the direction points toward (< 0.5 • ) a local galaxy (< 20 Mpc).
• Doublet trigger: the detection of at least two neutrinos coming from similar directions (< 3 • ) within a predefined time window (< 15 min).
The main performances of these three triggers are described in Table 1 . Until now, no doublet trigger has been sent to the network.
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Follow-up of high energy neutrinos detected by the ANTARES telescope Aurore Mathieu The trigger criteria are inspired by the features expected from astrophysical sources and are tuned to comply with the alert rate to send to the telescope network. An agreement between ANTARES and the optical telescope collaborations allows a rate of ∼ 25 alerts per year to be sent to each optical telescope, while an agreement to send 6 alerts per year to the Swift satellite have been accepted. Due to this reduced rate, a subset of the high energy trigger with more restrictive requirements on the neutrino energy, provides a dedicated trigger for the Swift satellite.
The TAToO alert system is able to send alerts within few seconds (∼ 3-5 s) after the neutrino detection with an angular resolution better than 0.5 • . Since 2009, around 150 and 7 neutrino alerts have successfully been sent to the optical telescope network and the Swift satellite, respectively.
The optical and X-ray follow-up system
The network is composed of small robotic optical telescopes such as TAROT [8] , Zadko [9] and MASTER [10] , and has been extended in June 2013 to the Swift-XRT telescope [11] for X-ray follow-up. TAROT is a network of two identical 0.25 m telescopes with a field of view (FoV) of 1.86 • x 1.86 • located in Calern (France) and La Silla (Chile). These telescopes reach a limiting magnitude of ∼ 18.5 mag with an exposure time of 180 s. Zadko is a one meter telescope located at the Gingin observatory in Western Australia. It covers a FoV of about 0.15 square degrees and can reach a limiting magnitude 1.4 mag deeper compared to the TAROT telescopes with only 60 s of exposure. Recently, 5 telescopes from the MASTER network have also joined the TAToO program. These telescopes, located in Russia and in South Africa, consist of 5 pairs of tubes with a diameter of 0.40 m covering a FoV of up to 8 square degrees for each pair of telescopes. Until the end of 2014, the network also comprises the four optical telescopes ROTSE [12] , which have progressively stopped their activity. These 0.45 m telescopes had a FoV of 1.86 • x 1.86 • and a sensitivity of ∼ 18.5 mag with 60 s of exposure. The wide FoV and the fast response of these telescopes (images can be taken less than 20 s after the neutrino detection) are well suited to the search for transient sources. For each alert, the optical observation strategy is composed of an early follow-up (within 24 hours after the neutrino detection), to search for fast transient sources such as GRB afterglows, complemented by several observations during the two following months, to detect for example the rising light curves of CCSNe. For TAROT telescopes, 6 images of 180 s exposure are taken for each observation, while for ROTSE, 30 and 8 images of 60 s are taken for each observation of the early and long follow-up, respectively.
The Swift satellite with its XRT provides a unique opportunity to observe X-ray counterparts to neutrino triggers. The detection sensitivity of the XRT is 5 × 10 −13 erg cm −2 s −1 in 1 ks, and an energy band from 0.3 to 10 keV is covered. Due to the small FoV of the XRT (radius ∼ 0.2 • ) and
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Images provided by follow-up observations must be processed. Optical images are analyzed with a dedicated pipeline based on the image subtraction method 1 , while X-ray data are automatically analyzed by detection algorithms at the UK Swift Science Data Centre.
Results

Early follow-up
42 neutrino alerts from January 2010 to January 2015 with early optical images (< 24 h after the neutrino alert) have been analyzed. No optical counterpart associated to one of the 42 neutrinos has been found. Upper limits on the magnitude of possible transient sources which could have emitted the neutrino have thus been derived and are listed in Table 2 . These limits correspond to the limiting magnitude of images, which is the faintest signal that can be detected. As we are looking for rapidly-fading sources, the signal is supposed to be more important in the first image of the observation, so the upper limits are the limiting magnitude of each first image computed at 5σ and corrected for Galactic extinction [13] .
Concerning X-ray follow-up, the Swift-XRT responded to 7 neutrino triggers between mid 2013 and the beginning of 2015. 22 X-ray sources have been found in the tiled analysis and only 2 sources were already catalogued. Although 20 new X-ray sources have been detected, none of them can be clearly associated with the neutrino trigger. Upper limits on the flux density one may expect from an X-ray counterpart have thus been derived (see Table 3 ). These limits correspond to the sensitivity reached for each 4-tile observation, which lasted from 0.8 to 1.9 ks for the 7 alerts.
Discussion on GRB association
GRBs are the major candidates as sources of high-energy neutrinos among the population of fast transient sources. Because in this study no optical and X-ray counterpart has been observed in coincidence with the 42 and 7 neutrino alerts respectively, the probability to reject a GRB association to each neutrino alert can be directly estimated. To do so, a comparison is done between upper limits obtained for each neutrino alert with optical and X-ray detected afterglow light curves, as shown in Fig. 1 .
The cumulative distribution functions (CDFs) of optical afterglow magnitudes and X-ray afterglow fluxes are computed at times coincident with the first optical and X-ray observation of the neutrino alerts, respectively. Figure 2 shows these CDFs at typical times after the GRB in the two wavelengths. Under the hypothesis that each detected neutrino comes from GRB, the probability to reject this hypothesis, P GRB,ν re ject , can be directly extracted from the CDFs and by considering that the GRB occurred in the field of view of the telescopes. These probabilities are listed in Table 2 
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Follow-up of high energy neutrinos detected by the ANTARES telescope Aurore Mathieu [13] . e Probability to reject an association between the neutrino trigger and a GRB.
Follow-up of high energy neutrinos detected by the ANTARES telescope Aurore Mathieu found in association with a neutrino trigger. This null result is consistent with the small expectation value of 0.2 accidentally discovered SNe for 71 alerts. From this result, constraints on the Ando & Beacom model [3] parameters will be set. In this model, the production of high energy neutrinos from mildly relativistic jets of CCSNe is proposed, depending on the jet energy E jet , the Lorentz boost factor Γ and the rate of CCSNe with such jets ρ. To test this model, a test statistic depending on an ANTARES term and an optical follow-up term will be used to check the compatibility of the measurement with the model expectations. If a set of model parameters predicts a significant larger amount of neutrinos and SN counterparts than measured in the data sample, the model can be excluded.
Conclusion
The optical and X-ray follow-ups of the ANTARES neutrino alerts have been running stably since 2010 and mid 2013, respectively. About 150 and 7 alerts have been sent to the optical telescope network and to the Swift-XRT. The main advantage of the ANTARES program is that it is able to send alerts within few seconds after the neutrino detection with a precision better than 0.5 • for high energy neutrinos. The analysis of 42 and 7 early follow-up observations in optical and X-ray has not yet permitted to discover any transient sources associated to the neutrino events. Upper limits on the magnitude of possible transient sources have been derived. Compared to the state-of-the-art of the GRB afterglow detected light curves, the very rapid response time of the optical telescopes has allowed stringent constraints on the GRB origin of individual neutrinos to be placed. Even with the larger response time of the XRT follow-up, early observations have allowed the GRB origin for the 7 neutrino alerts to be excluded with a high probability.
